arXiv:astro-ph/0411018 v1 31 Oct 2004

Quarks and Quakes

R. X. Xu^{a 1} , A. Z. Zhou^b

aSchool of Physics, Peking University, Beijing 100871, China bShanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai 200030, China

Abstract

A quake model of bare strange stars for normal pulsar glitches is summarized. Three mechanisms being responsible for developing elastic stress energy are presented. It is suggested that other kinds of glitches (e.g, the frequency glitch in KS 1947+300 and in AXP/SGRs) could represent the bulk-strain-induced quakes. The apparent field increase of normal pulsars into “magnetars” could be the result of stellar catastrophic shrinking when the elastic force raises to a critical point.

Key words: pulsars, neutron stars, elementary particles

1. Introduction

Is “pulsars = normal neutron stars” the truth? Most of astrophysicists may believe this equation, but they can not provide sufficient evidence for the belief since no one can rule out another equation of “pulsars = quark stars with strangeness” with certainty. The concept, that the nature of pulsars is actually strange star, is not new, and the difficulty of which is also very old (1) since fluid strange-star (even with possible crusts) models were noted to be inconsistent with the observations of pulsar glitches more than one decade ago. Modifications with the inclusion of possible stable particles to form a differentiated structure of so-called strange pulsars was also suggested (3), but is not popular because of a disbelief in the employed physics (8; 9). And then, should the second equation be wrong according simply to glitches observed?

A key point to reproduce glitches of strange stars could be the conjecture that strange quark matter is in a solid state when its temperature is not as high as a few MeV (16; 17). The reason that we try to retrieve strange stars from the disadvantage above is that observational hints of (bare) strange stars

1 Corresponding author.

Email address: rxxu@bac.pku.edu.cn (R. X. Xu).

Preprint submitted to Elsevier Science 31 October 2004 do exist (18; 19). Additionally, a solid strange star model can also explain the discrepancy between free precession (15; 14) and glitches of radio pulsars, since the the precession would be damped out on timescales being much smaller than observed in the neutron star model where glitches can be understood. Link (12) points also that a neutron star core containing coexisting neutron vertices and proton flux tubes is inconsistent with observations of freely precessing pulsars.

Can a solid strange quark star be possible? Certainly it is not necessary for quark matter to have strangeness, but it is conjectured that the presence of strangeness might be energetically favorable. Phenomenological calculation shows that the conjecture is very likely to be true (5). For quark matter in low temperature, T , but high baryon density, n_b, there exists a competition between color superconductivity and solidification, just like the case of laboratory low-temperature physics. Normal matter should be solidified as long as the interaction energy between neighboring ions is much higher than that of the kinetic thermal energy. In this sense, high density (then a small separation between ions, l) and low temperature favor a solid state. However, this classical view is not applicable when quantum effects dominate, i.e., the de Broglie wavelength of ions λ ∼ h/ √ 3mkT > l (m the mass of ions). So small values of l and T can also result in a quantum state of the matter. This is the competition! We need thus weak interaction between particles and low mass in order to obtain a quantum fluid before solidification. This is why only helium, of all the elements, shows superfluid phenomenon though other noble elements have similar weak strength of interaction due to filled crusts of electrons. The color interaction (and the Coulomb interaction in system with strangeness) may be responsible for forming quark-clusters (being similar to the α-clusters in nucleon-freedom) in quark matter with low T but high n_b. The residual strong interaction between the quark-clusters could conduce towards a solid state of quark stars in much low temperature.

Can a solid neutron star be possible? The nuclear liquid model is experimentally successful, the original version of which is the nuclear Fermi-gas model. Nucleons can be regarded as Fermi-gas due to the Pauli exclusive in the model. A great part of neutron star matter has density to be approximately the nuclear saturation density, and at least this part is in a fluid state. The answer to the question could thus be “no”. Therefore, a quark star is identified if one convinces that a pulsar is in a solid state.

One negative issue is that giant glitches are generally not able to occur at an observed rate in a solid neutron star (2). Nonetheless, more strain energy could be stored in a solid quark star due to an almost uniform distribution of density (the density near the surface of a bare strange star is ∼ 4 × 10^{14} g/cm^3) and high shear modulus introduced phenomenologically for solid quark matter with strangeness. More energy is then released, and this may enable a solid pulsar to glitch frequently with large amplitudes. Furthermore, the post-glitch behaviors may represent damped vibrations. Zhou et al. (20) has modelled glitches in a starquake scenario of solid quark stars.

2. Glitches as starquakes

A quake model for a star to be mostly solid was generally discussed by Baym & Pines (2), who parameterized the dynamics for solid crusts, and possible solid cores, of neutron stars. Strain energy develops when a solid star spins down until a quake occurs when stellar stresses reach a critical value. We suggest that, during a quake, the entire stress is almost relieved at first when the quake cracks the star in pieces of small size (the total released energy E_t may be converted into thermal energy E_{therm} and kinematic energy E_k of plastic flow, E_t = E_{therm} + E_k), but the part of E_k might be re-stored by stress due to the anelastic flow (i.e., the kinetic energy is converted to strain energy again). A quark star may solidify with an initial oblateness ε_0; stress (to be relative to ε_0) increases as the star losses its rotation energy, until the star reaches an oblateness ε_{+1}. A quake occurs then, and the reference point of strain energy should be changed to ε_1 (the oblateness of a star without shear energy) at this moment. After a glitch, the star solidifies and becomes elastic body again.

The density of quark stars with mass <∼ 1.5M_⊙ can be well approximated to be uniform. As a star, with an initial value ε_0, slows down, the expected ε decreases with increasing period. However, the rigidity of the solid star causes it to remain more oblate than it would be had it no resistance to shear. The strain energy in the star reads (2)

E_{strain} = B(ε − ε_0)^2, (1)

and the mean stress σ in the star is σ = | | | | | 1 V ∂E_{strain} ∂ε | | | | | = μ(ε_0 − ε), (2)

where ε is stellar oblateness, V = 4πR^3/3 is the volume of the star, and μ = 2B/V is the mean shear modulus of the star. Here the stress developed by the decrease of oblateness (due to the spindown) is included at first (the stress developed by other factors is discussed in §3).

The total energy of a star with mass M and radius R is mostly the gravitational energy E_{gravi}, the rotation energy E_{rot}, and the strain energy E_{strain},

E = E_{gravi} + E_{rot} + E_{strain} = E_0 + Aε^2 + L^2/(2I) + B(ε − ε_i)^2 (3)

where ε_i is the reference oblateness before the (i + 1)-th glitch occurs, E_0 = −3M^2G/(5R), I is the moment of inertia, L = IΩ is the stellar angular momentum, Ω = 2π/P (P the rotation period), and the coefficients A and B measure the gravitational and strain energies (2), respectively, A = 3 25 GM^2 R , B = 2 3 πR^3μ. (4)

By minimizing E, a real state satisfies (note that ∂I(ε)/∂ε = I_0), ε = I_0Ω^2 4(A + B) + B A + B ε_i. (5)

The reference oblateness is assumed, by setting B = 0 in Eq.(5), to be

ε_i = I_0Ω^2/(4A). (6)

A star with oblateness of Eq.(6) is actually a Maclaurin sphere. When the star spins down to Ω, the stress develops to σ = μ[ A A + B ε_i − I_0Ω^2 4(A + B)

], (7)

according to Eq.(2). A glitch occurs when σ > σ_c (σ_c: the critical stress).

A detail model in this scenario is introduced in Zhou el al. (20), where it is found that the general glitch natures (i.e., the glitch amplitudes and the time intervals) could be reproduced if solid quark matter, with high baryon density but low temperature, has properties of shear modulus μ = 10^{30∼34} erg/cm^3 and critical stress σ_c = 10^{18∼24} erg/cm^3.

3. Why quake?

The key point that a solid star differs from a fluid one is stress energy developed only available in the solid star. Factually, an elastic body can have two kind of changes: shearing and bulk strains. The volume, V , changes in the later, but not in the former. If both strains are included, Eq.(3) would become,

E = E_0 + Aε^2 + L^2/(2I) + B(ε − ε_i)^2 + K(ΔV/V_0)^2, (8)

where K, which is order of μ, is the bulk modulus, ΔV = V − V_0, and V_0 the volume of the body without stress. Besides the shear strain of ellipsoid change discussed in §2, azimuthal stress due to the general relativistic effect (being similar to the frame-dragging effect in vacuum) of rotating solid stars may also contribute significantly, though, unfortunately, the theoretical answers to elastic relativistic-stars with rotation are very difficult to be worked out.

Elastic energy develops as a solid bare strange star cools (⇒ bulk strain) and spins down (⇒ shearing strain; even spinning constantly). The temperaturedependent quantity ΔV/V_0 ∼ (ΔR/R_0)^3, with R the radius, V_0 ≃ 4πR^3_0/3, T the temperature. The value of R(T = 40MeV) − R(T = 0) could be order of a few hundreds of meters (4). The giant frequency glitch in KS 1947+300 could be evidence for a quake caused by bulk-stress energy release (i.e., bulk elastic force increases to a critical point), but one may expect a sudden decrease in the pulse frequency when a star is spinning up in the glitch model of normal neutron stars (6). The glitch in KS 1947+300 can be reproduced as long as the star shrinks with ΔR/R = −0.5Δν/ν ∼ 10^{−5}.

Anomalous X-ray pulsars (AXPs) & Soft γ-ray repeaters (SGRs). AXP/SGRs are supposed to be magnetars, a kind of neutron stars with surface fields of order of 10^{13∼14} G, or even higher. But an alternative suggestion is that they are normal-field pulsar-like stars which are in an accretion propeller phase. The very difficulty in the later view point is to reproduce the irregular bursts, even with peak luminosity ∼ 10^7L_{Edd} (SGR 0526-66; L_{Edd} the Eddington luminosity). Though it is possible that giant bursts may be the results of the bombardments of comet-like objects (e.g., strange planets) to bare strange stars, moderate bursts could be of quake-induced. Both shear and bulk straininduced quakes could occur in AXP/SGRs when the stress energy increase to a critical value. Stress energy as well as magnetic energy (and probably gravitational energy) could be released during quakes. The glitches in AXP/SGRs (e.g., 1E 2259+586, around the 2002 outburst) could be examples of such quakes (10). For σ_c ∼ 10^{22} erg/cm^3, the total elastic energy released could be order of ∼ 10^{40} erg/cm^3 when a quake occurs in a solid quark star with radius ∼ 10^6 cm. This energy is comparable to the observed values for two X-ray flares in 1E 1048.1-5937 (7).

It is suggested (13; 11) that pulsar-like stars could evolve from normal radio pulsars to magnetars (AXP/SGRs) through un-recoverable glitches (neither the period nor the period derivative are completely recovered for Crab, Vela, and other young pulsars). However, the “appearance” field increasing could arise from the shrinking of pulsars after quakes. If the effect of decreasing I is included, the pulsar field, B, should be derived by solving

IΩ̇ + 1 2 İΩ^3 = − 2 3c^3

B^2R^6Ω^3. (9)

4. Conclusions & Observational tests

We have summarized the quake model for pulsar glitches. The elastic stress energy develops by spindown, cooling, and the frame-dragging effect. The bulkstrain-induced quakes may cause glitches in KS 1947+300 and in AXP/SGRs, as well as the apparent field increase of normal pulsars into “magnetars”.

Gravitational wave detection could be an useful tool to test the quake model (16). In addition, candidates for strangelets known in the literature could also teach us that one should update neutron stars by strange stars since cosmic strangelets would render neutron stars unstable to being strange stars.

Acknowledgments: This work is supported by National Nature Sciences Foundation of China (10273001), and by the Special Funds for Major State Basic Research Projects of China (G2000077602).

References

[1] Alpar, M. A. 1987, Phys. Rev. Lett. 58, 2152 [2] Baym, G., Pines, D., 1971, Ann. Phys. 66, 81 [3] Benvenuto, O. G., Horvath, J. E., Vucetich, H., 1990, Phys. Rev. Lett. 64, 713.

[4] Blaschke D., Fredriksson S., Grigorian H., Öztas A. M. 2004, Nucl. Phys.

A736, 203 (nucl-th/0301002) [5] Farhi, E., Jaffe, R. L. 1984, Phys. Rev. D30, 2379 [6] Galloway, D. K., Morgan, E. H., Levine, A. M. 2004, ApJ, in press (astro-ph/0401476) [7] Gavriil, F. P., Kaspi, V. M. 2004, ApJ, 609, L67 (astro-ph/0404113) [8] Heiselberg, H., Pethick, C. J., Staubo, E. F. 1993, Phys. Rev. Lett. 70, 1355 [9] Horvath,J. E. 2004, preprint (astro-ph/0404324).

[10] Kaspi, V. M. 2004, in: Young neutron stars and their environments, IAU Symp. 218, eds. F. Camilo and B. M. Gaensler, p.231 (astro-ph/0402175) [11] Lin, J. L., Zhang, S. N. 2004, ApJL, in press (astro-ph/0405131) [12] Link, B., 2003, Phys. Rev. Lett., 91, 101101 [13] Lyne, A. G. 2004, in: Young neutron stars and their environments, IAU Symp. 218, eds. F. Camilo and B. M. Gaensler, p.257 [14] Shabanova, T. V., Lyne, A. G., Urama, J. O., 2001, ApJ, 552, 321 [15] Stairs, I. H., Lyne, A. G., Shemar, S. L., 2000, Nature, 406, 484 [16] Xu,R. X. 2003a, ApJ, 596, L59 (astro-ph/0302165) [17] Xu, R. X. 2004, in: Young neutron stars and their environments, IAU Symp. 218, eds. F. Camilo and B. M. Gaensler, p.299 (astro-ph/0310050) [18] Xu, R. X., 2003b, in: High Energy Processes, Phenomena in Astrophysics, Proceedings of IAU Symposium No. 214, eds. X. D.Li, Z. R. Wang & V. Trimble, p.191 (astro-ph/0211348) [19] Xu, R. X., 2003c, in: Stellar astrophysics — a tribute to Helmut A. Abt, eds. K. S. Cheng, K. C. Leung & T. P. Li , Kluwer Academic Publishers, p.73 (astro-ph/0211563) [20] Zhou, A. Z., Xu, R. X., Wu, X. J., Wang, N. 2004, Astropart. Phys., 22, 73